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SSME TURBOPUMP BEARING ANAI,YTLCAL STUDY 
by 
J.W. Kannel and T .  Merriman 
TNTRODUCT I O N  
NASA i s  c u r r e n t l y  involved i n  t h e  development and eva lua t ion  
of l ong - l i f e  turbopumps f o r  use on t h e  s h u t t l e  spacec ra f t  main engine 
(SSME). Because of t h e  reusable  design of t h e  s h u t t l e ,  l i f e t i m e s  of 
27,000 seconds (7.5 hours) a r e  being sought ,  whereas most tllrbopumps 
t o  d a t e  have only operated f o r  per iods on t h e  order  of a  fklw hundred 
seconds. While a l l  components a r e  being considered i n  e f f o r t s  t o  achieve 
a  s a t i s f a c t o r y  des ign ,  t he  turbopump support  bear ings  a r e  of p a r t i c u l a r  
concern. B a t t e l l e ' a  Columbus Labora tor ies  i s  support ing NASA i n  t he  a r ea  
of bear ing  f a i l u r e  and dynamic analyses .  This  p a r t i c u l a r  t a sk  d e a l s  with 
an a n a l y t i c a l  eva lua t ion  of t h r ee  engine bear ings  opera t ing  under severe  
overspeed and shut-down condi t ions ,  
The s p e c i f i c  quest ions addressed i n  t h i s  t a s k  were with regard 
t o  : 
Outer r ace  s t r e s s e s  
Cage s t r e s s e s  
a Cage-race drag 
Bearing hea t ing  
Crush loading.  
The ana lyses  were based on t h e  use of a B a t t e l l e  bear ing  dynamics computer 
model BASDAP 11. This  model computes ba l l - r ace  fo rces  and dynamic motions. 
The model was modified t o  enable  e s t ima t ing  t h e  var ious  s t r e s s e s  requested 
by t h i s  t ask .  
SUMMARY 
Flumerous computations of bear ing l i f e - c r i t i c a l  parameters have 
been perfomled f o r  t h r e e  s h u t t l e  pump bear ings  (two f o r  t h e  high p re s su re  
oxygen pump and one f o r  t h e  high pressure  f u e l  pump). These computations 
were performed f o r  very severe  bear ing  opera t ing  condi t ions ,  The fol lowing 
p red i c t i ons  f o r  l i m i t i n g  condi t ions  were made f o r  momentary overspeed and 
over load ,  assuming a 17,800 N (4000 pounds) a x i a l  load on t h e  bear ing:  
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General ly ,  r a d i a l  loads on the  o rde r  of 13,300 N (3000 pounds) per  bear ing  
o r  26,700 N (6000 pounds) per  bear ing  p a i r ,  could be  expected t o  cause severe  
problems t o  any of t he se  bear ings  wi th  a 17,800 N (40QO pounds) a x i a l  load .  
F u r t h e r ,  when poss ib l e  temperature  excursions a r e  considered,  even a Load 
of 8900 N (2000 pounds) may be excess ive .  However, high momentary r a d i a l  
l oads  with a 3800 N (850 pounds) a x i a l  load would no t  be a n t i c i p a t e d  t o  
cause ca t a s t roph ic  f a i l u r e  of t h e  f u e l  pump bear ing .  
These c a l c u l a t i o n s  a r e  based on t h e  assumption of  very  severe  
short-term e x t e r n a l  f o r c e s  on t h e  bear ings  i n  o rde r  t o  explore  t h e  t y p i c a l  
l i k e l y  f a i l u r e s .  However, we b e l i e v e  a l l  condi t ions  considered were Ear 
t oo  severe  f o r  t h e  bear ings  i n  terms of expect ing long-term r e l i a b l e  s e rv i ce .  
Even i f  a g ros s  f a i l u r e  does no t  occur  dur ing  t h e  load a p p l i c a t i o n ,  o v e r a l l  
l i f e  i s  l l k e l y  t o  be mpromiaed. On t h i s  b a s i s ,  e f f o r t s  should be  made t o  
avoid the  h igh  loods entirely, 
ANALYSIS DETAILS 
Method of Computation 
-
BASDAP Computer Model 
The method f o r  bear ing  load computations a t  B a t t e l l e  involves  
t h e  use of a computer program under t h e  gene ra l  na,me, BASDAP. BASDAP 
programs can be  used f o r  s t a t i c  o r  dynamic ana lyses  of bear ings  f o r  a 
wide range of a p p l i c a t i o n s .  For example, BASDAP programs have been 
used i n :  
( I )  S t a t i c  o r  quasi-dynamic ana lyses  t o  
determine ba l l - r ace  stresses and 
b a l l  s t eady - s t a t e  motions 
( 2 )  Determining t h e  e f f e c t s  of unusual 
load cond i t i ons ,  such a s  s taggered  
b a l l  spacings 
(3) Analyses of dynamic behavior of t h e  
cage t o  determine cage s t a b i l i t y  
and bal l -cage loadings .  
The BASDAP program t r e a t s  each bear ing  i n  a set indepen.dently. 
For t h e  p r o j e c t  discussed h e r e i n ,  a quasi-dynamic ve r s ion  of 
t h e  BASDAP computer code was u t i l i z e d .  This  code involves  ca lcu la t ion ,  
of ba l l - r ace  f o r c e s  ( inner  and o u t e r ) ,  contac t  p r e s su re s ,  con tac t  dimensions, 
and contact  ang le s  a s  a func t ion  of (1) a x i a l  load ,  ( 2 )  r a d i a l  l oad ,  and 
(3) c e n t r i f u g a l  load on the  bear ing .  
The computation technique lnvolves  f i r a t  computing t h e  load 
sha r ing  between che b a l l s  I n  t h e  absence of c e n t r i f u g a l  fo rces ,  This 
involves  a formalized t r i a l  and e r r o r  (nes t ing  type) procedure,  Esti- 
mates of  t he  a x i a l  and r a d i a l  d e f l e c t i o n s  of t h e  bear ings a r e  made and 
the  c o r r e c t  va lue  of t he se  d e f l e c t i o n s  r e s u l t s  i n  t h e  c o r r e c t  r a d i a l  and 
a x i a l  load .  A f t e r  t h e  b a l l  load shar ing  has been computed, t h e  e f f e c t  of 
c e n t r i f u g a l  f o r c e s  on con tac t  angle  i s  computed, This  fo rce  causes t h e  
i nne r  and ou te r  r a c e  contac t  angles  t o  be  d i f f e r e n t  from each o t h e r  a s  
wel l  a s  d i f f e r e n t  from t h e  s t a t i c  contac t  angles .  The method f o r  t h e  
d e f l e c t i o n  and con tac t  angles  c a l c u l a t i o n  is  modeled a f t e r  t h e  c l a s s i c  
work of A.  B . .Jones ['I*. 
T r ibo log ica l  Inpu t s  
-1- 
One of t h e  most c r i t i c a l  a spec t s  of t h e  BASDAP model i s  t h e  
f o r c e  computations a t  t he  b a l l - r a c e  and bal l -cage i n t e r f a c e s .  For a 
l iqu id- lubr ica ted  bear ing ,  t he se  f o r c e s  a r e  modeled by elaatohydrodynamic 
(EHD) theory.  However, t h e  s h u t t l e  bear ings are not  l i q u i d  l u b r i c a t e d ,  
but a r e  intended t o  be l u b r i c a t e d  wi th  a  Teflon t r a n s f e r  f i lm.  This  
t r a n s f e r  f i lm  behaves more l i k e  a  s o l i d  i n t e r f a c e  than a  l i q u i d  and a t  
t h i s  s t a g e  i n  t i m e  i s  not  w e l l  understood. Some progresa i s  being made 
i n  t h i s  a r ea  i n  another  research  p r o j e c t  a t  B a t t e l l e .  For t h a t  p r o j e c t ,  
a  so l id - f i lm ba l l -bear ing  s imula tor  has  been cons t ruc ted  t o  s tudy  the  
i n t e r f a c e  condi t ions .  E s s e n t i a l l y ,  t he  bal l -bear ing s imula tor  c o n s i s t s  
of a  bear ing  b a l l  sandwiched betwcen two motor-drive i nne r  r a c e s  ( s ee  
Figure 1 ) .  The b a l l  i s  loca t ed  by a  cage segment mounted i n  an a d j u s t a b l e  
frame. The frame is  r e s t r a i n e d  by a  mult i -axis  load cel l ,  which d e t e c t s  
normal and f r i c t i o n  fo rces .  Ball-cage f r i c t i o n  i s  monitored by t h e  
t a n g e n t i a l  f o r ce  t ransducer  and ba l l - race  f r i c t i o n  is  monitored by t h e  
normal f o r c e  t ransducer .  In  t h e  experiments wi th  t h i s  bear ing s imu la to r ,  
* 
References a r e  l i s t e d  on page 26. 
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F I G U R E  1, SCHEMATIC DRAWING O F  S O L I D - F I U I  
BALL-BEARING S IEZUIATOR 
t h e  system is operated f o r  a  s u f f i c i e n t  time t o  form a  Teflon t r a n s f e r  
f i l m  from t h e  cage segment t o  t h e  b a l l  and i n  t u r n ,  t o  t he  r a c e s ,  The 
tests c o n s i s t  of t h e  measurement of normal and t a n g e n t t a l  f o r ce s  a s  r 
func t ion  of s l i p  (wl - w2) between t h e  r aces  f o r  a  given l aad  between 
t h e  r aces ,  
F igure  2 shows normal-force versus  s l i p  d a t a  f o r  a Teflon 
t r a n s f e r  f i l m  a t  two load condi t ions .  As can be observed a t  low-slip 
condi t ions ,  f o r c e  depends on t h e  l e v e l  of s l i p .  However, a t  h igher  
s l i p  cond i t i ons ,  t h e  d a t a  show an asymptote which corresponds t o  f r i c t i o n  
c o e f f i c i e n t s ,  E l ,  of 0.14 f o r  a  b a l l  between two r aces ,  This  va lue  of f  
was used i n  t h e  computations t o  determine bal l -cage fo rces .  That i s ,  i f  
t h e  f o r c e  on a b a l l  was, s ay ,  1000 N (225 pounds), then the  maximum cage 
f o r c e  would be  140 N (31 pounds). 
The shape of t h e  curve f o r  Figure 2 was modeled i n  t h e  
FN = Cl tanm1 (C2 Aw)  , 
t o  allow f o r  t h e  ba l l - sp in  and ball-cage f o r c e  c a l c u l a t i o n s  i n  t h e  BASDAP 
program. Here, the  C1 and C 2  parameters a r e  used t o  f i t  t h e  d a t a  of 
F igure  2 .  A s  an example, t h e  da t a  of Figure 2 
FN 0.090 W tane1 ( 0.12 - ) (Newtons) , 
where d0 is  t h e  s l i p  a t  e i t h e r  of t h e  two ba l l - r ace  i n t e r f a c e s  and W is  2 
t h e  t o t a l  load ing .  The normal f o r c e  a t  e i t h e r  of t he  two b a l l  and con tac t s  
FN 
would be assumed t o  be - 2 '  
A t y p i c a l  bal l -cage f r i c t i o n  curve i s  shown i n  Figure 3. These 
d a t a  were ob ta ined  using t h e  t r a c t i o n  measurement c a p a b i l i t y  from t h e  b a l l -  
bear ing  s imula tor .  For t h i s  condi t ion ,  i t  was est imated t h a t  t h e  bal l -cage 
f r i c t i o n  c o e f f i c i e n t  was about 0.25. 
0 10 20 30 40 50 60 70 80 90 100 
Slip b, - w,) ,  rpm 
FIGURE 2 ,  TYPICAL N O W  FORCE VERSUS SLfP DATA FOR 
TEFLON TRANSFER FILM 
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Ball-Cage Load, N 
FIGURE 3 .  EFFECT OF BdALL-CAGE LOAD ON BALL-CAGE pGICTION 
Outor-Race Hoop S t r c s8  
Computa t i ons  
The method f o r  computing the  hoop stress i n  t h e  bear ing  o u t e r  
r ace  involved balancing t h e  ba l l - r ace  loading (from t h e  BASDAP model) 
wi th  t he  o u t e r  race  stresses. The bear ing  loading f o r  t he  BASDAP model 
was def ined s o  t h a t  t h e  b a l l  load would be symmetrical about t h e  y a x i s ,  
For t h i s  case ,  the  hoop stress, a ~ n ,  can be geT.ven by ( s ee  Figure 4 )  
where FBg is t h e  load between b a l l  and r ace ,  f3, i s  t h e  ou t e r  contac t  
ang le ,  and Arace i s  :he c ros s - sec t iona l  a r ea  nf t ; ' %  r acc .  
Ball-Cage S t r e s s e s  
Ball-Cage F o r c ? ~ ,  Cage fo rces  a r c  d i f f i c u l t  t o  p r e d i c t  f o r  a  
- .'
bear ing  opera t ing  under t h e  extreme condi t ions  e x i s t i n g  i n  t h e  s h u t t l e  
turbopump system. The extreme va lues  of t he  fo rces  occur when one b a l l  
i s  pushing t h e  cage aga ins t  another  b a l l ,  Here, t he  bal l -cage f o r c e  
would be t h e  innez +outer  ba l l - r ace  f r i c t i o n  c o e f f i c i e n t  (%0,14) t imes 
the ba l l - r ace  load.  Under a x i a l  loads  o r  moderately low r a d i a l  l oads ,  
t he  p robab i l i t y  of t he  cage being s o  loaded i s  small ,  However, under 
a  l a r g e  r a t i o  of r a d i a l  t o  a x i a l  load ,  bal l -speed-variat ion (BSV) can 
csrlse these  extreme cage loads  t o  occur.  Good bear ing design would 
r e q u i ~ e  t he  cage t o  be  a b l e  t o  withstand the  extreme loads  even i f  t h i s  
p r o b a b i l i t y  of occurrence i s  very  low. I f  t h i s  type of design i s  not  
p r a c t i c a l  f o r  a l l  ope ra t i ng  condi t ions  of a  bear ing ,  i t  i s  mandatory 
t h a t  r a d i a l  loads i n  t h e  bear ing be con t ro l l ed  t o  e l imina t e  t h e  p o s s i b i l i t y  
of severe  BSV problems. 
Section A-A 
(Outer race cross section) 
FIGURE 4. NOMENCLATURE FOR OUTER RACE 
HOOP STRESS CALCULATTONS 
I n  t h e  BASDAP c a l c u l a t i o n s ,  t h e  bal l -cage fo rces  were computed 
using t h e  t r i b o l o g i c a l  a rc tangent  model discussed e a r l i e r .  For t h i s  
model, no r a d i a l  lodd impl ies  a very low cage force .  However, even a 
small  r a d i a l  load  r e s u l t s  i n  s i g n i f i c a n t  fo rce  p red i c t i ons  because of 
t h e  d i f f i c u l t y  b a l l s  have i n  s l i p p i n g  on t h e  t r a n s f e r  f i lm .  For t h e  
r e s u l t i n g  cage stresses, a summation of t h e  average fo rce  from each 
b a l l  contac t  was used and t h i s  f o r c e  was normally very high,  Also, 
t he  con t r ibu t ion  of t he  BSV of t h e  b a l l s  was computed. I f  t h e s e  
excursions were less than t h e  balL-pocket d i a m e t r ~ l  c learance ,  t he  
p r o b a b i l i t y  of t h e  f o r c e  being appl ied  t o  t he  cage was considered low. 
Conversely,  i f  t h e  excursion exceeded t h e  c learance ,  then t h e  p r o b a b i l i t y  
of ball-cage f o r c e  was high and cage f a i l u r e  o r  extreme wear would be 
l i k e l y .  
Cage Hoop S t r e s s .  For these  computations, t he  cage was modeled 
was shown i n  F igure  5 ,  The ball-cage fo rces ,  FBC, a r e  assumed t o  be 
i d e n t i c a l  and a r e  balanced by a forde  of 2 FBC a t  t h e  cage-race contac t .  
A s  a result of t he se  f o r c e s ,  a tensi1.e stress a t  po in t  A occul ,  ~ 1 1 d  i s  
given byL3] 
R 
where Z I= 8-1 + -2 T c 1x1 (e), 
Here UAC = cage hoop stress 
Rp = p i t c h  r a d i u s  
Tc = cage th ickness  
c = T,/2 
AC = e f f e c t i v e  a r e a  on t h e  cage 
[WTH Tc o r  (WTB - 2 %OC) TcI 
y = $ - c  i s  t h e  l o c a t i o n  of t he  stress 
WTH = cage width 




FIGURE 5 .  NOMENCLATURE FOR CAGE HOOP STRESS CALCULATIONS 
Ball-Cage Compressive Forces.  The bal l -cage compressive fo rces  
were computed us ing  t h e  average bal l -cage fo rce ,  FBC, i n  conjunct ion wi th  
Hertz contac t  stress 
Cage-Race Fricti~j~,~_F::~:,;g. The cage-.race f r i c t i o r .  f o r c e  was 
est imated a s  twice t h e  b a l l  -r;:..v f o r c e  times t h e  c o e f f i c i e n t  of f r i c t i o n  
a t  t h e  cage-race i n t e r f a c e ,  
Estimate of I n t e r n a l  
Bearing Temperature 
The turbopump bear ings  represen t  r a t h e r  unique s i t u a t i o n s  wi th  
regards t o  bear ing  temperatures .  S izeable  hea t  can be generated a t  t h e  
ba l l - r ace  contac t  a s  a r e s u l t  of bal l -spinning on t h e  s o l i d  t r a n s f e r  f i l m  
(see Figt:re 6 ) .  However, t h e  cryogenic  f l u i d s  r ep re sen t  a very good 
e x t e r n a l  thermal environment f o r  t h e  b a l l s .  
Heat Generation. A s  d i scussed  i n  t h e  t r i b o l o g i c a l  input  s e c t i o n ,  
i t  appears  t h a t  t h e  t r a n s f e r  f i l m  can be represented by a cons tan t  f r i c t i o n  
c o e f f i c i e n t  i n t e r f a c e .  Fur ther ,  we can assume t h a t  t h e  Her tz ian  contac t  
can be r e p r e ~ e n t e d  by a r e c t a n g l e  wi th  dimensions 4; a and J;f  b under a 
cons tan t  p ressure  Pave ( s ee  Figure 7 ) .  With these  assumptions,  t h e  load ,  
PLY would be 
which i s  cons i s t en t  wi th  Hertz theory.  Here, a and b a r e  t he  major and 
2 
minor axes of t h e  contact  e l l i p s e  and Pave = - P where Po i s  t h e  maxi- 3 0 ,  
mum Hertz  pressure .  
a. Bearing Nomenclature 
b. Ball Heating Nomenclature 
FIGUKE 6. NOMENCLATURES FOR BEARING THERMAL CALCULATIONS 
F I G U R E  7. S I M P L I F I E D  MODEL OF BALL-RACE CONTACT 
The h e a t  generat ion f o r  t h i s  contact  can be  wr i t t en  
where AR is  t h e  e f f e c t i v e  a r e a  f o r  hea t  t r a n s f e r  f o r  each b a l l .  
Because of t he  h igh  speed of t h e  bear ing ,  i t  is  reasonable 
f o r  h e a t  computations t h a t  t h e  b a l l  t r a c k  be represented by a t h i n  d i s k  
with a rad ius  equiva len t  t o  t h e  b a l l  p i t c h  r ad ius  w i th  a width of 2a o r  
where NB is  t h e  number of b a l l s .  
Uhlng Equation ( 8 ) ,  Equation ( 7 )  can be w r i t t e n  
where Q i s  t h e  h e a t  input  a t  t h e  i nne r  o r  ou te r  r a c e  b a l l  con tac t  zone. 
Heat Transfer  t o  BalZ. By assuming the  t h i n  d i sk  model f o r  
hea t  t r a n s f e r  i n  t he  b a l l  reg ion ,  t h e  hea t  t r a n s f e r  can be w r i t t e n  
where the  boundary condi t ions  a r e  T(0,y) = T(2a,y) = 0. 
where qo and q i  are the temperature gradients of the inner and outer races, 
A  solution could be written 
nv 
where A = and T is the temperature rise above the surrounding atmosphere. 
Note that 
Q i Qo 
91 = 2~ and qo = .2K 9 
where K is thermal conductivity and it is assumed that half of the heat 
enters the ball and half enters the race. 
The maximum temperature at the inner and outer race contacts 
can be written approximately as 
where K is thermal conductivity equals 0.00698 Kcal meter/meter2sec O C  
(3.65 ft lbs/sec ft OF) for 440C stainless steel. (see Appendix A ) .  
Bearing Crush 
Load Calculations 
Under extreme load conditions, the balls and/or race may fail 
completely due to excessive stresses. One method to estimate this extreme 
(crush) load is to use an ultimate yield criteria such as the von-~lses 
c r i t e r i a [ $ ]  which s t n t e s  t h a t  OmT - 3Y, where Y is t h e  y i e l d  ntrass and 
UUL'J* i s  the  b a l l  compressive stress, For 440C (see Appendix A) ,  Y = 1.9  GPa 
(275,000 ps i )  . Pf ~UZIT  i s  based on t h e  maximum Hertz ba l l - r ace  contac t  
p r e s su re ,  then Po (u l t imate)  = 5.7 GPa (825,000 p s i ) ,  o r  i f  U ~ T  is  based 
on t h e  mean Hertz  stress, then Po (u l t imate)  = 8.5 GPa (2,230,000 p s i ) ,  
Resu l t s  of Computations 
By us ing  t h e  methods descr ibed above, computations were conducted 
f o r  t h e  t h r ee  s e p a r a t e  bes t i ng  conf igura t ions ,  The bear ing  d a t a  used a r e  
shown i n  Table 1, and t h e  r e s u l t s  a r e  summarized i n  Tables 2  through 4 f o r  
t he  t h r e e  bea r ing  conf igura t ions .  Tables 2  and 3 a r e  f o r  t h e  high p re s su re  
o x i d i z e r  turbopump bear ing  and a r e  cons i s t en t  with t h e  matr ix  of condi t ions  
reques ted .  Computatione were not  pos s ib l e  f o r  t h e  l a s t  four  ca se s  i n  
Table  3  because t h e  condi t ions  exceeded t h e  computer model c a p a b i l i t i e s .  
Table  4  (Fuel Turbopump bear ing)  was intended t o  show bearing stresses 
under momentary r a d i a l  loads  dur ing  shut-down condi t ions  and t r a n s i e n t  
overloads,  
Outer Race S t r e s s  
- 
Computations 
The compressive s t r e s s e s  a r e  wi th in  crush load l ! m i t s  f o r  a l l  
c a se s  considered.  However, peak s t r e s s e s  of 3.64 GPa (524,000 p s i )  a r e  
very extremc f o r  a  t r a n s f e r  f i lm  bear ing  and w i l l  doubt less  cause excess ive  
wear and poor li5e a s  evidenced by t h e  l i f e  p r ed i c t i ons .  Since t r a n s f e r  
f i l m s  a r e  inadequate  above about 2  GPa (300,000 p s i )  maximum stress, 
bear ing  performance w i l l  be  very poor. The hoop s t r e s s e s  i n  t h e  bear ing  
do n o t  appear t o  be  exces s ive  i n  comparison wi th  t h e  t e n s i l e  y i e l d  of 
440C (see  Appendix A). However, t he se  stresses a r e  accompanied by a 
r a c e  e l a s t i c  growth, which could cause jamming of t h e  ou t e r  r ace .  
TABLE 1. BASIC B W I N G  PARAMETERS 
Oxygen Pump Bearirig High Pressure 
Turbine End Pump End Fuel. Pump Bearing 
Faramet e r  Symbol Units 007955 007958 007502 
Radius of P i t ch  




Number of Bal ls  
Bearing F i t  (Dia . ) 














TABLE 2. SUFiMARY OF COEPUTATIONS FOR HIGH PRESSURE OXYGZN TURBOPUMP BFARmS, 
CASE NO. 07955, TURi)m END, AT AN AXIAL LOAD OF 17,800 N (4000 POUNDS) 
Radial PIaximnm Temperature Rise 
Load Race Stresses (GPa/Ksi) Haximum Cage Stresses <GF&?sS) f age-Race <OC/OF)  
Per Pair  Speed, Inner Outer Outer Pocket Hoop Urn&- Drag Inner Outer Ll* Ufe, 
(N(1bs)) rpm Compressive Compressive Hoop Cmpressive Stress a b i l i t y  (N(1bs)) Race Race second* 
NrL 





















































S E V E R E  F A I L U R E  
- 
26700/6000 36,000 3.47 499. 3.16 455. -063 9.08 -198 28-5 -422 60.8 High 149. 33.6 71. 127. 212, 382- 358. 
11 38,000 2-46 498. 3.17 456. .064 9.24 -198 28.5 -423 60.9 Pdgh 150. 33.7 65. 118. 232, 418. 300. 
35600/8000 30,000 3.67 529. 3.29 473- ,060 8.71 -194 27.9 -397 57.1 KSgh 141. 31-6 101. 181- 184. 331- 300- 
l' 32,000 3-67 528- 3-29 474. -061 8-84 -195 28.1 -407 58.6 High 144. 32.4 1 1  181. 202. 364. 283. 
11 34,000 3-66 527, 3-30 475. -062 8.99 -196 28.2 -409 58.9 High 145. 32.6 99, 176. 222. 399. 268. 
1, 36,000 3.65 526. 3-31 476. .053 9.14 -196 28.2 .411 59.2 High 145. 32.7 96. 173. 242. 635. 254. 
., 38,000 3.C.'; 524. 3-31 477. .065 9.31 .I97 28.3 -414 59.6 High 147. 37.0 92, 165. 264, 476. 242. 
TABLE 3. SUP.PfARY OF CONPUTATIONS FOR HIGH PRESSURE OXYGEN TURBOPUMP BEARINGS, 
CASE NO. 07958, PUPP END, AT AN AXIAL LOAD OF 17,800 N (4000 POUNDS) 
Radial Maxi- Tenperature Rise 
Load Race Stresses (GPa/Ksi) Maximum Cage Stresses (GPalKsi) Cage-Race (*C/'F) 
Per Pair Speed, Inner Outer Outer Pocket Hoop Prob- Drag Inner Outer L11-j Life. 


















L w  
Lou 


























S E V E R E  F A I L U R E  
3.81 548. 3.05 440. -055 7-94 -2i7 31-3 -342 49.3 High 124. 27.9 92.8 167, 165, 297, 289- 
3.81 548. 3.06 440. -056 8.03 ,220 31.7 -355 51.1 High 129, 28.9 93.3 168, 179- 322, 233. 
3.80 547. 3.06 441. -056 8.11 .223 32.1 -368 53.0 High 133. 30-0 93.9 169, 193. 348, 258, 
3.79 546, 3.07 442, -057 8.21 .224 32.2 ,371 53.4 High 134. 30.2 93.3 168, 208, 375. 205, 
3.79 546. 3.07 442. -058 8.31 ,224 32.2 -373 53.7 High 135, 30.3 91-7 165. 226. 403. 234, 
4.02 579. 3.22 463. ,056 8.01 -219 31.5 ,349 50.2 High 126, 28.4 116-7 210. 194. 350, 197- 
COMPUTER PROGRAM WOULD NOT RUN 
COMPUTER PROGRAW WOULD NOT RUN 
COMPUTER PROGRAK WOULD NOT RUN 
COMPUTER PROGRAU WOYLD NOT RUN 
TABLE 4 .  SUMMARY OF COMPUTATIONS FOR HIGH PRESSURE FUEL TlRBOPU?3P BEARM, 
CASE NO, 07502 
Radial Haxiatll Temperature Rise 
Axial Load Race Stresses '(GPalKsi) Maxi~1um Cage Stresses cage- ace <"C~"P) 
Load, Per Pair Speed, Inner Outer Outer Pocket HOOP Prob- Drag Inner enter LIB 
(N(=s)) (N(1bs)) rpm Compressive Compressive HOOP Compressive Stress ability i(N<lbs)) Race Race scc& 
17800/4000 0 30,000 3.51 506. 2.88 414, ,088 12.7 -003 -457 H Z  L w  NIL 50.9 91-6 95.8 167, 135. 
I, 0 32,000 3.51 506. 2.88 415, ,089 12.8 ,003 -453 MIL L w  NIL 51.4 92.6 101. 181. 16t. 
I. 0 34.000 3.51 506. 2-88 415. -090 12.9 -003 -446 NIL Lcu NIL 51-5 92-7 109. 196. 156. 
I, 0 36.000 3.51 505. 2.89 416. ,090 13.0 -003 -435 HIL 'Lou NIL 51.1 91.5 117. 211. 1W. 
,I 0 38,000 3.50 505. 2.89 416. ,090 13.0 -003 -420 NIL Z w  NIL 50.1 90.1 126. 227- 141, 
,I 8900/2000 30,000 3.82 550. 3.11 448. -088 12.7 -247 35.6 -535 77.1 Lou 121, 27-3 72-8 131, 119. 215. 155. 
I. 11 32,000 3.81 549. 3.11 448. -088 12.7 -249 35.9 -549 79.0 Lou 124. 27-9 74-4 134. 129, 233. 146, 
I, .I 34,000 3.61 549. 3.12 449. -089 12.8 -251 36.2 -562 80.9 Lou 123, 28-6 75.6 136, 1 251, 138, 
I,  I, 36,000 3.81 548. 3.12 449. -090 12.9 -253 36.5 -576 82.9 Lov 130, 29-3 76-1. 137, 1%. 270, 131, 
I 38,000 3-80 548. 3.12 450. -090 12.9 -256 36.8 -590 85-0 Low 133. 30-0 56.1 137, 161. 2%9. 12C. 
I, 2780014000 30,000 4.09 589. 3.32 478. -088 12.6 -254 36-6 ,581 83.6 Lou f32, 29-6 96-1 173, 148. 267. 117, 
$1 18 32,000 4.08 588. 3-32 479. -088 12.6 -256 36.8 ,589 84-8 L w  133- 30-0 99-4 179. 160. 238. 110, 
S l  I. 34,000 4.08 588, 3.33 479. -088 12.7 -257 37-0 -598 86.1 L w  135, 30-4 101, 183, 172. 3.09. 1%. 
11 11 36,000 4-08 587. 3.33 480- -089 12-8 -258 37.2 ,608 87.5 L w  137. 39-9 103, 18&, 184- 332, 98. 
It 11 38,000 4-08 587. 3.33 480. -090 12.9 -260 37.4 -617 88-9 Low 140- 3%-4 105. 189. 193. 355. 94- 
IP 2670016000 30,000 4.33 624. 3.52 507. -087 12.5 -253 36.4 -571 82-2 High 129, 29-1 121. 217- 178, 320, 82, 
I1 I* 32,000 4.33 624. 3.52 507- -088 12.6 -255 36-7 -584 84.1 High 132, 29-7 125, 225- 191. 344. 
I1 45 
73- 
34,000 4.33 624. 3.52 507. -088 12.6 -257 37.0 -598 86-1 High 135. 30.4 129, 232, 205, 369, 73- 
.. 11 36,000 4-33 623. 3.53 508. -088 12.7 -259 37.3 ,613 88.2 High 139. 31.2 132, 238, 219, 395, 69. 
1, I t  38,000 4.33 624. 3.53 508. -089 12.8 -261 37.6 -628 90-4 High 142- 32.0 135. 243. 2%. 422, 66, 
,I 3560018000 30,000 4-56 657. 3.69 533- -086 12.4 -252 36.3 -563 81-1 High 128. 28-7 165. 261, 207, 372, 58- 
I* I. 32.000 4-56 657. 3.70 533- ,086 12.4 ,254 36.6 -581 83.7 High 132- 29.6 151- 272, 222. 399, 54. 
I, It 34.000 4-56 657. 3.70 533, -087 12.5 .257 37.0 ,601 86,5 High 136, 30.6 156. 238, 23%- 428 51 , 
11 1. 36,030 4.56 656. 3.71 534. -088 12.6 -259 37.3 -615 Z8.6 High 139, 31.3 161. 290, 2%- 457. 49. 
17800/t000 I' 38.000 4.56 656. 3.71 534- -088 12.7 -260 37.4 ,619 89.1 High 140. 31-5 165. 297. 271. 187, 46. 
3800/850 28900i6500 30,000 4.10 591. 3.35 482. -033 4.7 -138 19.9 ,094 13.5 High 21-3 4.76 13.4 31.3 ,232 -418 194, 
I, a* 32,000 4.10 591, 3.34 481. -032 4.6 -135 19-6 ,088 12-6 High 20- 4.45 14-5 26-1 -231 ,416 206. 
*I 11 30,000 4.11 591. 3.34 481. -032 4.5 -133 19.1 -082 11-8 High 19. 4.16 11.9 21-5 -2XI -414 219. 
11 It 29,000 4-11 592. 3.34 480.7 -031 4.5 -131 18.8 ,079 11-4 High 18. 4.02 10.8 19-5 -239 -414 226. 
Ths cGge f o r c e  p red i c t i ons  a r e  besed on average ball-pocket 
load ing  under severe  bal l -cage orientations. This  severe  o r i e n t a t i o n  
is  unl ike ly  except under extreme ball-spced s i t u a t i o n s  
which occur under tho  combinatiarr of high speed and high r a d i a l  loads ,  
I n  t h i s  r ega rd ,  under low BSV condi t ione a  low p robab i l i t y  Is given i n  
t h e  force  p r e d i c t i o n *  Conversely,  under extreme BSV condi t ion ,  a  high 
p r o b a b i l i t y  of cage loading is ind i ca t ed .  
The pred ic ted  compressive stresses a r e  on t h e  order  of 0.2 GPa 
(30,000 p s i ) ,  which a r e  probably no t  s u f f i c i e n t  t o  induce c a t a s t r o p h i c  
component f a i l u r e  f o r  bear ing  temperatures less than about 0  C f o r  FEP 
o r  TFE cages. However, extreme wear of t h e  cage would be  probable ,  
I n  con t r ac t ,  t he  so-cal led hoop stress i n  t h e  cage I s  on t h e  o rde r  of 
0.42 GPa (60,000 p s i )  f o r  the oxygen pump bear ing  and 0.55 GPa (80,000 
p s i )  f o r  t h e  f u e l  pump bea r ing ,  which could cause cage breakage f o r  
cage temperatures h igher  than -100 C f o r  TFE o r  FEP (with f a b r i c )  
cages under severe  BSV cond i t i ons ,  Therefore ,  under extreme r a d i a l  
l o a d s ,  cage f a i l u r e  i s  poss ib l e .  
For t h e  oxygen pump bear ings ,  s eve re  cage loads a r e  probable  
a t  b e a r i , ~ g  r a d i a l  loads  ( t o t a l  f o r  two bear ings)  of 26,700 N (6000 pounds) 
on both t h t  pump end and t h e  t u r b i n e  end, e s p e c i a l l y  a t  t h e  h ighe r  speeds,  
There was an  anamolous po in t  a t  8900 N (2000 pounds) and 38,000 rpm where 
h igh  BSV occurred.  The reason f o r  t h i s  i s  uncer ta in ,  bu t  i t  does under- 
s c o r e  t he  f a c t  t h a t  t h e  bear ing  i s  very marginal under t he se  load condi t ions .  
For t h e  f u e l  pump bear ing ,  s e v e r a l  cage stresses probably occur 
a t  26,700 N (6000 pounds) i f  a  17,800 N (4000 pounds) a x i a l  load i s  appl ied .  
A t r a n s i e n t  r a d i a l  load of 28,900 N (6500 pounde) w i l l  cause h igh  (but  not  
c a t a s t r o p h i c )  cage loads  i f  t h e  a x i a l  load i s  only 3800 N (850 pounds). 
Here, the  compressive stresses a r e  on t h e  o rde r  of 0.14 GPa (19,900 p s i )  
and the  hoop stresses a r e  on t h e  order  of 0.090 GPa (13,000 psi.). 
Heating Calcu la t ions  
The temperature predlct,Lsna i n  Tables  2 through 4 a r e  t h e  
temperature r i s e  above t h e  cryogenic  temperature.  Even undzr s eve re  
cond i t i ons ,  t h e  pred ic ted  va lues  a r e  only on t h e  order  of 250 C ,  which 
i s  probably no t  suf f ic$ .en t  t o  damage t h e  bear ing.  However, t he se  
temperatures a r e  based on t h e  assumptioil of an adequate t r a n s f e r  f i lm  
wi th  a f r i c t i o n  c o e f f i c i e n t  of 0.08. I f  t h i s  t r a n s f e r  f i l m  f a i l s  
under the high stresses (a s  if l i k e l y ) ,  t h e  temperatures  w i l l  be  on 
t h e  order  of 2.5 times t he se  minimum va lues .  These temperatures could 
e a s i l y  be above t h e  tempering temperatures f o r  440C steel (315 C) and 
could c w s e  a degradat ion i n  m a t e r i a l  performance. Assuming a f a i l u r e  
of t h e  t r a n s f e r  f i l m  a t  t h e  ba l l - r ace  i n t e r f a c e ,  temperatures i n  excess 
of 315 C could occur.' a t  t o t a l  r a d i a l  loads  i n  excess  of 17,800 N 
(4000 pounds) f o r  both t h e  oxygen pump bear ings  and t h e  f u e l  pump 
bea r ings ,  which could Q n i t i a t e  t h e  f a i l u r e ,  
Bearing L i f e  
Ser ious degradat ion i n  bear ing  l i f e  w i l l  occur a s  a r e s u l t  of 
bea r ing  overloading,  However, even the  p e s s i m i s t i c  l i f e  e s t ima te s  
given i n  Tables 2-4 do no t  r e f l e c t  pos s ib l e  c a t a s t r o p h i c  f a i l u r e  of t h e  
cage o r  excessive b a l l  hea t ing .  The gene ra l  conclusion is t h a t  t h e  
oxygen pump (pump end) Pararing cannot r e a l i s t i c a l l y  withstand even 
momentary l e v e l s  of 17,8?0 N (4000 pounds) a x i a l  and r a d i a l  l oads  
o r  t h e  order  of 17,800 N (4000 pounds) r a d i a l  load  a t  high speeds 
(36,000 rpm o r  h ighe r ) .  
Crush,Load Est imates  
- 
The a x i a l  c rush  load es t imates  f o r  t he  t h r ee  bear ings  a r e :  
7955 (Turbine End) - 0.14 M 8  (32,000 pounds) - based on 
maximum stress 
- 0.48 MN (108,000 pounds) - based on 
mean stress 
7958 (Pump End) - 0.12 MN (26,000 pounds) - based on 
maximum stress 
- 0.40 MN (89,000 pounds) - based on 
mean stress 
7502 (Fuel Pump Bearing) - 0.08 MN (28,000 pounds) - based on 
maximum stress 
- 0.27 MN (60,000 pounds) - based on 
mean stress. 
Assuming a 60/40 load s p l i t ,  t h i s  would imply a crush load of 
0.13 MN (30,000 pounds) based on maximum stress and 0.44 MN (100,000 pounds) 
based on mean stress. 
The mean stress c a l c u l a t i o n s  a r e  probably more r e a l i s t i c .  
This implies  t h a t  t h e  bear ings  can withstand extremely high u l t ima te  
loads  before  being completely destroyed.  However, performance l i f e  
w i l l  b e  l o s t  a t  much lower loads  a s  discussed i n  previous s e c t i o n s .  
Ca lcu la t ing  Uni t s  
Since t h e  bear ing  drawing and a l l  input  da t a  provided by NASA 
were i n  English u n i t s ,  a l l  c a l c u l a t i o n s  were performed i n  English u n i t s .  
Therefore ,  t h e  S I  u n i t s  presented i n  t h i s  r epo r t  were converted from 
English u n i t s .  
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APPENDIX A 
DATA ON A I S I  440C STEEL 
- 
- 
AlSl TYPE 44OC 
4 
A-1 
tlllng Code: S1.101 PI, Stalnler~ Steel MARCH 1960 
DIGEST - DATA ON WORLD WIDE METALS AND ALLOYS Publirbd bv 
Eodneeri~m A l l w  ~ i g e s t ,  lnc. 
Upper MontcWr, New Jencv 
AlSl TYPE 440C 
(High-Carbon Chromlnum Halnloau Stool) 
AISI TYPE 440C is a hardenable high-carbon chromium steel deigned to provide stainless properties with maximum 
hudnas, 
Carbon 
















Specific gravity 7.68 
Dmsity, Ib,/cu, in. 0,277 
Specific heat, BTU/lb./°F.(32.2129F,) 0 , l l  
Elmric resistance, ohms/cir. mil, ft, 36 1 
T h m d  a d  mpetlsion/*F. (32-212'F.) 0,0000056 
+Thermal condua~vity, Btu/ftZ / in/hri°F (68-2 12 "E.) 203 
Modulus of ehticity, psi 29@00,000 
Structure Mutensitic 
PROPERTIES 
Table I-TYPICAL HEAT TREATED PROPERTIES 
(Oil quenched from 1900°F. tempered at 6006F) 
Tensile rtrengch, psi 285000 
Yield strength, psi (0.29%) 275000 
Elongation, C/p in 2" 2.0 
Reduction of arm, % 10.0 
Brinell h u b s  580 
ltod impact, ft, Ibs. 
Table 2 E F F E C T  OF TEMPERING TEMPERATURE 
ON HARDNESS 
(1" Rd, oil quenched from 1900°F tk tempered 1 h ~ u r )  
Tempering Rockwe!! 
Temperature O F L  Hardness C" 
Table 3-~FECX" OF TEMPERING TEMERATURE 
(2" Rd, quenched in oil from 1900°F,) 
Tempering Rockwell Impact S w n g b  
Tempmure Brincll Hardness (notched bu) 
P. Hardness '%' ft  b, - 
- 
As quenched 580 61.0 
200 580 61.0 
300 580 61.5 
Table &ANNEALED PROPERTIES 
Proass Full 
Annealed Annealed- 
Tensile strength, psi 125000 110000 
Yield rtrengh, psi (0,2V) 100000 70000 
Elongation, % in 2" 12 15 
Rockwell hudness C22 427  B95 B99 
lzod impact, ft, Ibs. 5 20 5-20 
Table 5-MECHANICAL PROPERTIES - 
TEMPERED WIRE 
(0.250 inch diameter) 
Tensile rtrengb, psi 110000 - 125000 
Yield strength,, psi (0,2'ji ) 65000 100000 
Elonoltion. % ~n 2" 13.6 
Red&tion of uea, r/b 
Rockwell hardness 
Tabk &TYPICAL MECHANlCAL PROPERTIES 
BhRS 
Heat Cold 
Annealed T m n d  Drawn 
Tensile ruen* psi 110000 130000 285000 125000 
Yield point, psi 65000 110000 275000 1OOOOO 
Elongr?on, % in 2" 10 - 15 12 - 2 
Reduct~on of a m ,  % 30 20 - 10 
7 
20 
Brine11 hardness 210 250 275 - 600 260 
Table I - S H O R T  TIME TENSILE PROPERTIES 
- 





Tabla 8-IZOD I.WACT PROPERTIES 
(0#394" unnotdrcd specimens, quenched in oil froml85O0F,, 
tempered 2 hours). 
Temperinn Rockwell I d  
?cm+& Hardness Imprn F "C" ft, Ibs, 
A-2 
Table 9--COMPRESSION TESTS 
(Oil quenched from 1850@FF. & tempered) 
Tempcri ng Rockwell Ultimate Compressive 
Tm y n t u r e  Hardness 
,vt Strmgth F ps, 
Asquenched 6 1  - 6 l S  445,500 
300 58 391.750 
Heat Treatmontr 
PROCESS ANNEAL: Meat at 1350.145O0F,, cool very slowly 
in the fu rnam to 230.243 Brinell, 
FULL ANNEAL: Heat uniformly at 1550-1600°F., soak and 
cool alowly in furnace to 1000.1200"F, at rate of 20.50°F0 
r hour, then cool in air, oil or water to 190.215 Brinell. FARDEN: First preheat slowly m 1450°P. and s o p ,  then 
r a m  temperature to 1850~195OoF,, quench In warm or1 or air 
to C55.58 Rockwell, temper immedlarely to desired hardness. (Do not overheat, beecause full hardness cannot be obtained 
m d  the steel becomes non-magnetic when overheated,) (To 
remove srrains and yet retain maximum hardness draw at 
least one hour at 300.350°F,) (Air Hardening may be used 
for thin sections,) 
Care must be taken not to overheat this s m l  during anneal- 
ing. Any effort to produce extreme softness is dangerous and 
will be reflected later by poor hardening ability. Grain 
~ rowth ,  dccarburitation, and the fotmntion of a partially 
austenitic structure u e  the result of prolonged or excessive 
beating. 
In hardening, 15 minuns at heat is sufficient to refine the 
structure. Maximum hardness (C-61 to C.63) is reached after 
oil quenching, Microstructures of pieces hardened below 
1900 F, contain banded carbides, those hardened at 1900°F. 
contain globular carbides, and those hardened above 1925°F. 
show grain urowth, 
For a combination of maximum hardness and toughness, 
temper at 800°F, Avoid tempering between 800 atld 1050°P., 
particularly if the pan is subject to impact, and if hardness 
and other properties are to be closely controlled, Temperin8 
from above 1100 ro 1250°F, gives excellent properties, in. 
cluding high impan resistance, and the product is machina- 
ble when so tempered, The alloy IS subject to temper brittle. 
ness when slowly cooled from this range: therefore, it should 
be oil quenched after tempering to give best impact strength, 
Hachinability: 
For most machining operations, this steel cuts best when irr 
the dead soft annealed condition. Because of its high-carbon 
content it machines somewhat like high-speed steel, Chips 
u e  tough and stringy; therefore, chip curlers and breakers are 
important, In turning operations, reduced sp*ds of 40 to 60 
bfpm, with feeds of 0,003 to 0,008 inch, must be used. It 
has a machinability rating of about 30% of AlSI B1112. 
Workability: 
If annealed for mnximum softness, this steel can be moder- 
ately cold formed, headed and upset with slightly more dif- 
ficulty than the lower carbon, lower chromium rades of 
atainless steel. It can be hot forged, hot headed a n t  hot up- 
us. However, preheating in the range of 1400-1500°F. in" 
aura the best m u l n  in hot working, Because this steel is 
strongly air-hardening, d l  parts should be furnace ca~ led  
d v r  hot working to prevent cracking, Warm lime or warm 
.shes can be used for cooling provided t h q  u e  thoroughly 
d m  
Where forging, preheat to 1400-1500°., then heat slowly and 
uniformly to 1700~2150°F. Do not forge below 1700°F. and 
reheat as often as mslry. 
Neldabllity: 
Because of its high hardenability, this steel is seldom welded. 
However, by preheating parts to 300-400°F. before welding, 
foilowed by a 6 to 8 hour annepl at 1350.1400°F, and air 
cooling, satisfactory welds can be produced. When weld rods 
a n  required, a composition similar to the parent metal should 
be used, 
Corrosion Resistance: 
The corrosion resistance is quite good in the hardened and 
tempered condition but moderate "as annealed" and con- 
sequently should only b- put in service in the fully heat 
treated condition. Will .. .tist such conditions as fresh water, 
steam, crude oil, gasoliiie, perspiration, alcohol, foodstuffs, 
etc, Maximum reststance to corrosion and tarnishing is de- 
veloped only when fully hardened, and with surfaces polished 
to a high lusteo 
Pickling Treatment: 
8.12% H ~ S O I  at 150-170°F. 
6-10% HCI $. H?SO, at 130-14O0F, 
10% H N 0 3  i- 2% HF at 120-130°F. 
Pickle in the annealed or stress relieved condition to avoid 




AlSI Type 440C is a general purpose hardenable stain- 
less steel, which upon quenching develops maximum hard. 
ness together with high strength and corrosion resistance. Be- 
sides the wear resistance imparted by heat treatment, it has 
intrinsically superior wear resistance due to i n  chemical com- 
position, 
This steel is always used in the hardened condition; and after 
heat treatment, parts must be pickled, ground or polished to 
remove all scale, After pickling, parts should be baked at 
250-300°F. to remove acid embrinlement. For best results, 
surfaces must be entirely free from foreign particles that mag 
have been picked up in grinding or polishing. This can be 
done by passivating. It is not recommended for elevated tem- 
perature applications since corosion resistance is impaired 
when used in the annealed condition or hardened and d a w n  
above 800°F. It is widely used in applications where corrosion 
resistance, coupled with good cutting edge or abrasion resis- 
tance, are required, For best impact strength do not temper 
h v e  800°F, Do not pickle hardened material u~ithout first 
stress-relieving, This steel is magnetic in all conditions, Maxi- 
mum operating temperature is 1500°F, for interminent serv- 
ice and 1400°F. for continuous service, 
Forms Available: 
Forging billets, hot rolled ban and forgings, ground bars, 
wire and wire rods, annealed strip, 
Application: 
Pivot pins, dental and surgical instrument, cutlery, valve pans, 
ball bearings, nozzles, hardened steel balls and seats for 
well pumps. 
Manufacturer: 
All stainless steel mills produce this type all jg under their 
own proprietary name or under AISI Type 140C specifica- 
tions, 
